Carbon monoxide (CO) 1 % was administered to anaesthetised rabbits for 15 minutes. Despite a 28% ± 5.8 (SEM) fall in mean arterial blood pressure during the CO exposure, cerebral blood flow increased by 236% ± 36.5 in the left and 287% ± 28.9 in the right cortex. Cerebrovascular resistance was reduced by 70.6% ± 2.8 in the left and by 76.2% ± 3 in the right cortex. These changes were accompanied by an increase in intracranial pressure, a drop in body temperature and ventilation requirement, and a metabolic acidosis. When the CO was withdrawn all these parameters returned to normal over three hours. Hence, these vascular effects are reversible and consistent with the natural history of co intoxication in humans.
animals,15.17 but no study has been reported in rabbits. In pilot studies using a rabbit model developed in our laboratoryl8 a fifteen-minute 1 % CO exposure caused profound but reversible responses including pial vessel dilatation, suppression of somatosensory evoked responses and herniation of brain through a craniotomy. The experiments re~orted here are the first in a series of systematic studies in several species designed to study the effects of acute CO exposure, and, in particular to correlate pial vascular changes with the COHb concentration and to determine if the vascular effects of CO are reversible.
MATERIALS AND METHODS
The experiments were performed on eight male New Zealand White rabbits in accordance with the guidelines and with the approval of the Animal Ethics Committee of the Institute of Medical and Veterinary Science (Adelaide). The animals weighed 2.0 to 2.4 kg and were anaesthetised with urethane (2.0 g/kg via a medial ear vein) before a tracheostomy was performed. After paralysis with gallamine triethiodide (20 mg/hour by infusion), normoxia and normocapnia were maintained by using a positive pressure ventilator (Harvard Apparatus, South Natick, Massachusetts) with appropriate adjustments to the inspired oxygen concentration and alveolar ventilation. 19 Arterial blood pressure was measured using a strain gauge transducer connected to a catheter (Dow-Corning Silicone 602-175, Coming, New York) positioned in the right femoral artery. An arterial catheter was also placed into the left femoral artery for blood sampling. A femoral vein was cannulated for the administration of drugs and infusion of Ringers lactate (2.5 mVkglh) to compensate for fluid losses. A heated mattress was used to maintain the animals' body temperature at 39 ± O.ye. Once the administration of CO had commenced, no further adjustments were made to the warming mattress. Intracranial pressure was measured through an 18-gauge needle positioned in the cisterna magna and connected to a strain gauge transducer.
Cerebral blood flow was measured using the hydrogen clearance technique. 2o Electrodes were prepared from teflon coated platinum wire (200 Ilm diameter) and 1 mm of the tip was exposed by removing the teflon coat. The animals were placed in a stereotaxic head holder (David Kopf Instruments, Tujunga, California) and a 1 mm burr hole was drilled on each side over the parietal region of the skull. The electrodes were inserted through the meninges and into the cortex to a depth of 1.0 mm using a microdrive attached to the stereotaxic frame. An indifferent electrode of silver-silver chloride was placed subcutaneously in the animal's back. A two-channel polarographic amplifier system was used to measure hydrogen concentration. Hydrogen gas (approximately 10% by volume) was added to the ventilator inlet for five minutes, the inhalation of hydrogen was then discontinued abruptly and the resulting clearance curves were recorded on strip-chart recorders. The first thirty seconds of the hydrogen clearance was ignored and cerebral blood flow (mVmin/lOO g) in the region surrounding the electrode tip calculated for the next 150 seconds using the initial slope index method. 21 Only one region in each hemisphere was studied, since the cerebral blood flow in cortical regions supplied by the middle cerebral artery is independent of measurement location. 23 COHb was measured by a CO-oximeter (Instrumentation Laboratory Model 482, Lexington, MA). In three further studies, rabbits were exposed to 1 % CO for fifteen minutes and multiple venous blood samples were taken for simultaneous measurement of COHb concentration and the level of CO dissolved in plasma. The latter assay involved the blood sample being centrifuged in a closed 2 ml syringe fitted with a rubber septum to prevent loss of CO. The plasma samples were then treated with K3Fe (CN)6 (without exposing them to the atmosphere)23 and the CO content measured by head-space gas chromatography (Perkin-Elmer Model 8500, Beaconsfield, UK). Total cerebrovascular resistance was calculated by dividing the cerebral perfusion pressure by cerebral blood flow. 24 Cerebral perfusion pressure was defined as mean arterial blood pressure minus cerebral venous pressure. Since intracranial pressure is under most circumstances close to cerebral venous pressure, the cerebral perfusion pressure was calculated as mean arterial blood pressure minus intracranial pressure.
Control measurements of cerebral blood flow were made every fifteen minutes for 90 to 120 minutes and averaged to give a baseline measurement. Two minutes after beginning each clearance, 50 III of blood was taken for blood gas analysis. Simultaneously, the temperature, mean arterial blood pressure and intracranial pressure were recorded.
After stability was established and a baseline COHb level measured, 1 % CO was administered for fifteen minutes. Measurements were performed at the completion of this exposure and then at fifteen-minute intervals for the next three hours.
The results were expressed as percentage change of baseline values. Analysis of variance and Student's t test was used for statistical comparisons using the Bonferroni correction where appropriate. 25 P values of less than 0.01 were considered significant.
RESULTS
By the end of the CO exposure the mean COHb concentration was 68.5% ± 2.6 (SEM). This returned to the pre-exposure level over 165 minutes (Figure 1) .
The plasma CO content increased from below assay sensitivity levels (less than 0.08 mM) to 0.33 mM at the end of this exposure, but within one minute again fell to levels at or below 0.08 mM.
The mean arterial blood pressure fell to 72.2% ± 5.8 of the pre-CO mean by the end of the CO exposure, and then recovered to a maximum of 85.8% ± 5.8 of baseline 45 minutes later (Figures   2A and 2B) . The mean intracranial pressure increased by an average of 4.9 mmHg ± 0.91 with an accompanying increase in cerebrospinal fluid pulse pressure; following the CO exposure the intracranial pressure progressively fell to below baseline values reaching a minimum of -1.6 mmHg ± 0.37 after 60 minutes (not shown).
The inhalation of CO was also associated with a marked metabolic acidosis which recovered slowly ( Figure 3 ). The respiratory minute volume had to be reduced to compensate for the diminished carbon dioxide production so that normocapnia 18 could be maintained. The temperature of the rabbits fell by 0.38°C ± 0.1 during the CO exposure (not shown).
There was no significant change in the arterial partial pressure of oxygen or carbon dioxide throughout the experimental period. The standard bicarbonate (mmol/l) concentration was significantly reduced after the CO exposure, falling to 71.3% ± 15.6 of baseline at fifteen minutes post exposure, and then gradually recovering to pre-CO exposure values over 120 minutes (Figure 3 ). The cerebral blood flow in both hemispheres increased during the CO exposure to 236% ± 36.5 of baseline in the left, and to 287% ± 28.9 of baseline in the right parietal cortex. These flows then gradually returned to normal (Figure 2A ). There was no significant difference between the cerebral blood flow measured in the two hemispheres. Regression analyses ofCOHb against cerebral blood flow demonstrated linear relationships ( Figure 4A and 4B) . The calculated cerebrovascular resistance decreased during the CO exposure to 29.4% ± 2.8 of baseline in the left and to 23.8% ± 3.0 of baseline in the right parietal cortex ( Figure 2B ). Following the CO exposure, there was a gradual return of cerebrovascular resistance towards the pre-CO baseline, but complete recovery did not occur. There was no significant difference between the cerebrovascular resistance calculated to exist in the two hemispheres. Regression analyses ofCOHb against cerebrovascular resistance demonstrated linear relationships ( Figure 4C and 4D) . COHb
DISCUSSION
In this study we observed a large bilateral increase in cerebral blood flow during an exposure to CO, as previously shown in other species. 15 . 17 This occurred concurrently with an equivalent fall in both cerebrovascular resistance and mean arterial blood pressure. All of these changes reversed rapidly when CO was withdrawn and correlated well with the level of COHb (right cerebral blood flow, r = 0.90; left cerebral blood flow, r = 0.98; right cerebrovascular resistance, r = 0.87; left cerebrovascular resistance, r = 0.97).
We also saw an increase in intracranial pressure during the CO exposure and this was consistent with both the profound pial vasodilatation and the brain herniation (through the craniotomy) seen in our pilot studies. This occurred despite a fall in mean arterial blood pressure, indicating that cerebrovascular autoregulation is disrupted during exposure to CO.
CO dilates rat aorta in the absence of haemoglobin, 15 possibly due to reduced calcium uptake by the vascular smooth muscle. CO has also been shown in vitro to have similar effects to nitric oxide on the smooth muscle of an isolated segment of canine carotid artery.26 However, agents that constrict or dilate vessels denuded of endothelium 26 may even have the opposite effect on intact vessels. 27 The relative importance of anaemic hypoxia and direct effects of CO on vascular smooth muscle are not established by these two studies. 15 ,27 Similarly, levels of dissolved CO were below assay limits for much of the experiment and preclude any comment on the origin of the vascular effects seen in this study. These effects were reversible, correlating with the COHb concentration and are therefore consistent with the clinical natural history of CO poisoning. The extent of the vascular changes seen suggest that they may be important contributors to CO toxicity in the brain.
